Abstract: The conformational equilibria of integral membrane proteins have proven extremely difficult to characterize within native lipid bilayers. To circumvent technical issues, investigations of the structure and stability of a-helical membrane proteins are often carried out in mixed micelle or bicelle solvents that mimic the membrane and facilitate measurements of reversible folding. Under these conditions, the energetics of membrane protein folding are typically proportional to the mole fraction of an anionic detergent in the micelle. However, investigations of the folding and unfolding of bacteriorhodopsin (bR) surprisingly revealed that the folding rate is also highly sensitive to the bulk molar concentration of lipids and detergents. We show here that this rate enhancement coincides with changes in bicelle size and suggest this effect arises through restriction of the conformational search space during folding. In conjunction with previous mutagenic studies, these results provide additional evidence that a topological search limits the rate of bR folding. Furthermore, this finding provides insights into the manner by which micellar and bicellar environments influence the conformational stability of polytopic membrane proteins.
Introduction
Despite their limitations, 1 mixed micelle and bicelle systems have proven quite useful for the experimental characterization of the structure and conformational energetics of integral membrane proteins. A number of current perspectives on the folding of ahelical membrane proteins are rooted in comprehensive investigations of the folding kinetics and thermodynamics of bacteriorhodopsin (bR) in bicelles. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Provided certain kinetic constraints are maintained, 13, 14 bR unfolding is fully reversible in bicelles composed of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 3-([3-cholamidopropyl]dimethylammonio)-2-hydroxy-1-propane sulfonate (CHAPSO), and sodium dodecyl sulfate (SDS). 11, 14 Consistent with observations for other proteins in mixed micelle systems, 15-18 the free energy of bR folding is generally proportional to the bulk mole fraction of the anionic detergent component (X SDS ). 11, 14 However, it was previously found that the observed rate constant (k obs ) for bR folding increases 10-fold upon doubling of the bicelle concentration at fixed X SDS [ Fig. 1(A) ]. 13 This finding was quite unexpected given the mole fraction of denaturant is identical under these conditions. Nevertheless, the mechanistic basis for this phenomenon remains unclear.
Results and Discussion
The observed differences in the folding kinetics of bR under these conditions suggest changes in the bulk concentrations of lipids and detergents alter the physical properties of the bicelle. It has been previously demonstrated that dilution of certain bicelle mixtures results in a decrease in the mole fraction of detergent in the bicelle phase and a corresponding increase in the average bicelle size. 19, 20 Thus, deviations in the bulk concentrations of lipids and detergents can have a profound influence on the properties of phospholipid bicelles even at a fixed molar ratio of lipid to detergent (q-value). Moreover, these findings suggest a ratiometric increase in the bulk concentrations of bicelle components should effectively increase the overall mole fraction of detergent in the bicelle phase. By correcting for the concentrations of free detergent, the differences in bicelle composition can be expressed in terms of an effective q-value (q*) 19, 20 as follows reveals the ratiometric doubling in the concentrations of lipids and detergents that increases the rate of bR folding also decreases in q* from 0.48 to 0.39 at a fixed mole fraction of SDS (X SDS 5 0.50).
13
Given that bicelle size is highly dependent on the q*, 19 this finding suggests the size of the bicelle has a profound effect on the rate of bR folding. To determine the extent to which this difference in q* influences the size of the bicelles under the previously utilized conditions, 13 we used dynamic light scattering (DLS) to measure the average bicelle diameter. For simplicity, DLS fitting was carried out assuming a spherical bicelle, and minor subpopulations with high molecular weight were disregarded.
For the major population of bicelles, the average diameter decreases from 2.7 6 0.09 nm (at q* 5 0.48) to 2.0 6 0.1 nm (at q* 5 0.39) upon doubling the bulk concentrations of lipids and detergents. Consistent with observations in larger bicelle systems, 19 our results reveal a direct relationship between the average bicelle size and q* under these conditions [ Fig.  1(B) ]. Though we cannot rule out other mechanisms for the change in bicelle morphology, such as the deviation of CMC values in the context of bicelle mixtures, 20 these data suggest the changes in bicelle size are well described by changes in q*. The observed decrease in bicelle diameter at elevated lipid and detergent concentrations is also correlated with an increase in the logarithm of k obs for bR refolding [ Fig. 1(C) ], which suggests the bicelle size influences folding energetics. It should be noted that the average size of the empty bicelles is likely to deviate from that of the bR-bicelle complex. 21 Nevertheless, the correlation between DLS measurements and q* principally suggests differences in the size of empty bicelles stems from a decreased ratio of lipid to bicellar detergent. Thus, we would also anticipate a reduction in the size of the bR-bicelle complex with decreasing q*. Taken together with the fact that the bicellar X SDS is identical under these conditions, these observations strongly suggest the observed rate enhancement arises as a consequence of a reduction in the average bicelle size. Several studies have investigated the influence of mixed micelle and bicelle properties on the solubility and spectroscopic properties of integral membrane proteins. [22] [23] [24] However, to our knowledge, this constitutes the first instance in which the physical properties of a bicelle have been quantitatively linked to the kinetics of membrane protein folding. The relationship outlined herein suggests the bicelle size has a direct influence on the rate limiting step for bR folding. Previous efforts to map the structure of the transition state for bR folding suggested a conformational search for the native topology limits the rate of folding under these conditions. 11 In this case, the rate of folding should be proportional to the number of non-native conformations that are sampled within the SDS-denatured state of bR, which retains significant helical content and is more compact than a random coil. 8, 25 It stands to reason that confining the denatured protein within a smaller bicelle should compress the denatured ensemble and further restrict the number of accessible non-native conformations. We therefore propose the observed rate enhancement arises from the restriction of the conformational search space during folding; an interpretation consistent with the previous suggestion that bR folding is rate-limited by a topological search rather than the formation of a folding core.
11
These data provide a unique glimpse into the mechanism by which the dimensions of a bicellar environment tune the conformational energetics of a polytopic a-helical membrane protein. Given k obs is dominated by the rate constant for folding (k f ) under this condition, 11,13 the observed 10-fold increase in the k obs corresponds to an approximate 1.4 kcal/mol decrease in the free energy difference between the unfolded and transition states (DG ‡-U ). Furthermore, the rate constant for unfolding (k u ) was found to be insensitive to changes in the bulk molar concentration of lipids and detergents (or q*). 13 Assuming k u remains insensitive to q* at low X SDS , 13 the increase in k f would also correspond to a 1.4 kcal/mol increase in the free energy difference between the native and denatured state (DG U-F ). Indeed, this kinetics-based estimate for the increase in the thermodynamic stability is fully consistent with steric trapping measurements comparing the thermodynamic stability of bR under these conditions. 26 Together these findings highlight important considerations for the use of micelles and bicelles, and highlight a new manner in which they distort the conformational equilibria of integral membrane proteins.
